Abstract If a rest interval is applied to a regularly stimulated cardiac muscle, the first contraction after this interval (post-rest contraction) has either a greater (post-rest potentiation) or a smaller (post-rest inhibition) developed tension than the regular contraction. Positive inotropic interventions will augment the post-rest potentiation and reduce the post-rest inhibition. We examined the effects of muscle stretching on the post-rest contraction in papillary muscles isolated from adult cats and from kittens and compared the effects with those of two typical inotropic interventions : high frequency stimulation and high calcium concentration. We found that muscle stretching augmented the post-rest potentiation and reduced the post-rest inhibition in a manner similar to the two inotropic interventions in the adult cat papillary muscle, and that these effects were consistently reversed in the kitten papillary muscle. The similarity of the effect of muscle stretching to those of the two typical inotropic interventions in either adult cat or kitten papillary muscle suggests that the effect of muscle stretching is due to an inotropic effect of muscle length change.
of length change.
When a regular stimulation to the cardiac muscle is interrupted, the first twitch contraction after the rest period (post-rest contraction) has either a larger or a smaller developed tension than the regular, steady state twitch contraction, according to the duration of the rest period. Typically, as the rest duration increases, the developed tension of the post-rest contraction increases above the steady state level (post-rest potentiation) and then decreases to a level below it (post-rest inhibition). However, the post-rest potentiation and inhibition are affected by the inotropic state of the muscle and by the species and age of the experimental animal (ALLEN et a!., 1976; ENDOH and IIJIMA, 1981; MAYLIE,1982) .
Positive inotropic interventions such as high calcium concentration and high frequency stimulation augment the post-rest potentiation and reduce the post-rest inhibition (ALLEN et al., 1976) . Therefore, if a length change acts as a positive inotropic intervention, the post-rest contraction of a stretched muscle will show an augmented post-rest potentiation and a reduced post-rest inhibition.
In the present study, we investigated how myocardial length affects the postrest potentiation and post-rest inhibition and compared the effects with those of typical inotropic interventions : high calcium concentration and high frequency stimulation. The experiment was done using both adult cat and kitten papillary muscles because the post-rest contraction in the kitten papillary muscle shows greater post-rest inhibition than in the adult cat papillary muscle (MAYLIE, 1982) .
MATERIALS AND METHODS
Two groups of cats : adult cats (body weight 1.4-3.4 kg) and kittens (0.25-0.84 kg) were anesthetized with sodium pentobarbital (30-50 mg/kg, i.p.). After thoracotomy, the heart was quickly removed and placed in a dissection chamber containing oxygenated physiological salt solution. The free wall of the right ventricle was opened and a thin and long papillary muscle was selected. The tendinous end of the selected muscle was tied tightly to a stainless steel hook using a 6-0 braided silk. The muscle was then excised and transferred to a muscle bath through which oxygenated physiological salt solution was circulated. The upper end of the hook was hung on a force transducer. The mural end of the muscle was fixed to an aluminum pole with a U-shaped loop of stainless steel wire (0.2 mm in diameter). The pole, passing through the bottom of the muscle bath, was fixed on a stainless steel block which was firmly placed on the stage of a microscope.
The physiological salt solution had a composition (in mM) of NaCI 118, KCl 4.7, CaCl2 2.5, MgSO41.2, NaHC03 24.0, KH2P041.1, and glucose 5.5. Both the solution in the dissection chamber and the solution circulating through the muscle bath were bubbled with a mixture of 95 % 02 and 5 C02 and warmed to a tem-above threshold. The stimuli were given through a pair of platinum plate electrodes arranged in parallel with the muscle.
The lever system consisted of a pen motor (San-ei Instruments 3124), a servo amplifier (San-ei Instruments 1167), and a force transducer (Kulite, BG+ 10 or 25 g). The original pen was removed from the motor arm and the force transducer was mounted on its moving end. The pen motor was placed on the arm of a microscope from which the lens system had been removed. The pen motor had a builtin displacement sensor and operated in a feedback control mode.
The tension signal was electrically differentiated (time constant of 5 msec) to obtain the time derivative (dT/dt) signal. The tension and dT/dt signals, together with the stimulation current signal, were traced on a stripchart recorder (San-ei Instruments 8K23-1-L; Watanabe Instruments WTR331-8L). The signals were also fed into a minicomputer (Digital Equipment PDP 11/60).
Absolute value of Lmax (the length at which the developed tension was maximum) was measured with a travelling microscope (Erma Optical Work M-1911A), and length changes were measured using the built-in displacement sensor mentioned above. After the experiment, the muscle was weighed with a torsion balance (Takahashi Seiki). The cross sectional area was calculated as muscle weight divided by Lmax, assuming a uniform cross sectional area and a specific gravity of 1.0.
The mean length and cross sectional area of adult cat papillary muscles (n=11) at Lmax were 5.8± 1.1 (S.D.) mm and 0.74±0.16 mm2, respectively. The mean length and cross sectional area of kitten papillary muscles (n=13) at Lmax were 4.6± 1.1 mm and 0.52±0.19 mm2, respectively. Post-rest contraction, i.e., the first twitch contraction after a rest interval of stimulation, and steady state contraction, i.e., the twitch contraction under regular stimulation, were studied under the following conditions. 1) Control : The muscle length was L90 (90% of Lmax), the stimulation frequency was 12/min, and the calcium concentration was 2.5 mM.
2) Length run : The muscle length was increased from L90 to L95 (95 % of Lmax) and Lmax while the calcium concentration and the stimulation frequency were the same as those of the control.
3) Calcium run : The calcium concentration was increased from 2.5 mM to 3.75 and 5.0 mM while the muscle length and the stimulation frequency were the same as those of the control. 4) Frequency run : The stimulation frequency was increased from 12/min to 20/min and 30/min while the muscle length and calcium concentration were the same as those of the control.
Under each of these conditions, the muscle was regularly stimulated until the twitch tension became constant (steady state contraction) and then the stimulation was interrupted to give a rest interval of variable duration. After the rest interval, the muscle was regularly stimulated again and the first contraction after the R. HISANO, H. SUGA, and I. NINOMIYA rest interval (post-rest contraction) was analyzed. The next rest interval was applied after the twitch tension had been restored to a steady state. The applied rest durations were 5 (regular stimulation interval), 10, 15, 30, 60, 120, 240, and 480 sec. In the frequency run of 20/min stimulation, rest durations of 6 and 9 sec were chosen instead of 5 and 10 sec rests, respectively, since 6 and 9 sec are multiples of the regular stimulation interval (3 sec in 20/min run) and therefore easy to apply. Similarly, 6 and 16 sec rests were applied instead of 5 and 15 sec rests in the frequency run of 30/min stimulation. Both the sequence of runs and the sequence of rests were randomized. However, the calcium run of 5.0 mM was usually performed at the end of the experiment because high calcium concentrations lead to a deterioration of the muscle performance (HUNTSMAN and STEWART, 1977) .
We measured the peak developed tension (peak DT), peak value for the rate of tension development (peak dT/dt), and time from the stimulation to the peak developed tension (TPT: time to peak tension) of both steady state contraction and post-rest contraction from the strip chart recording or using the minicomputer.
Each of the parameters of a post-rest contraction was expressed as a ratio to that of the steady state contraction. In all the figures, we plotted the ratios on the ordinate and the rest duration on the abscissa. These curves are referred to as rest duration-peak DT, rest duration-peak dT/dt, and rest duration-TPT curves.
For each rest duration, we analyzed statistical significance of the difference between the parameters of the post-rest contractions under the control and those under the test runs, using the two way analysis of variance (SNEDECOR and COCHRAN 1980) . In the figures, we show by the vertical bars the square roots of the residuals mean squares obtained in the analysis of variance instead of the individual standard deviations. Because the residuals mean square is an estimate of the residuals variance (SNEDECOR and COCHRAN, 1980) , its square root is a reasonable estimate of the residuals standard deviation. Tables 1 and 2 summarize the mechanical parameters of steady state contractions in adult cat and kitten papillary muscles. In these Tables, L90 in the length run, 12/min in the frequency run, and 2.5 mM in the calcium run indicate the control.
RESULTS

Steady state contraction
In the length run, the muscle stretching increased TPT as well as peak DT and peak dT/dt in both adult cat and kitten papillary muscles. In the frequency run, peak DT and peak dT/dt increased and TPT shortened in both adult cat and kitten papillary muscles with increased stimulation frequency. In the calcium run, the high calcium concentrations increased peak DT and peak dT/dt in both adult cat and kitten papillary muscles while TPT was not affected in adult cat papillary muscles and was shortened in kitten papillary muscles.
Generally, the peak DT of kitten muscles was smaller than that of adult cat muscles, as was also noted by Davies and colleagues (DAVIES et al., 1975) .
Post-rest contraction in adult cat papillary muscle Peak DT of post-rest contraction. In Fig. 1 , we compared the effect of the muscle stretching on the rest duration-peak DT curve in adult cat papillary muscle (Fig. 1A) with the effects of the changes in stimulation frequency (Fig. 1B) and calcium concentration (Fig. 1C) 10 muscles, the peak DT at Lmax (top curve in Fig. 1A) showed post-rest potentiation after rests of 10 to 60 sec and showed post-rest inhibition after rests longer than 60 sec. At L95, similar potentiation-inhibition pattern was observed (middle Japanese Journal of Physiology Fig. 1 . Rest duration-peak DT curve in adult cat papillary muscles. Peak DT is expressed as the ratio to that of the steady state contraction. A : length run (n=10 except rest duration of 15 sec where n = 9). B : frequency run (n=7 except rest duration of 5-6 sec where n = 6). C : calcium run (n = 7). L90 in panel A, 12/min in panel B, and Ca 2.5 mM in panel C indicate the control.
Given are the means and the square roots of residuals mean squares (estimates of residuals standard deviations).
The mean values are significantly different from each other by two way analysis of variance at the following levels: * p<0.05, ** p<0.01. curve in Fig. IA ) but the potentiation was smaller and the inhibition was greater than at Lmax. At L90 a monotonic inhibition pattern was seen (bottom curve in Fig. 1A ) and the inhibition was greater than at the longer lengths. Thus, muscle stretching caused post-rest potentiation and reduced post-rest inhibition. Figure lB and C show the effects of changes in stimulation frequency and calcium concentration on the rest duration-peak DT curve, respectively. High calcium concentration and high frequency stimulation also caused post-rest potentiation and reduced post-rest inhibition, shifting upward the rest duration-peak DT curve. These effects of the two interventions on the peak DT of post-rest contraction were similar to those observed by other investigators (ALLEN et a!., 1976) .
Peak dT/dt of post-rest contraction. Figure 2 shows the effects of the changes 3. Rest duration-TPT curve in adult cat papillary muscles.
TPT is expressed as the ratio to that of the steady state contraction.
Symbols and the numbers of experiments are the same as in Fig. 1 . in muscle length, stimulation frequency and calcium concentration on the rest duration-peak dT/dt curve. The rest duration-peak dT/dt curve also shifted upward with increases in muscle length, in a manner similar to that seen with the rest duration-peak DT curve ( Fig. 2A) . Although the post-rest potentiation of peak dT/dt was not observed on the average even at Lmax, three of the 10 muscles in the length run showed post-rest potentiation at Lmax and the potentiation became smaller or disappeared at L90. As shown in Fig. 2B and C, the high frequency stimulations and high calcium concentrations also caused the post-rest potentiation of peak dT/dt and reduced the post-rest inhibition, shifting the rest durationpeak dT/dt curve upward.
TPT of post-rest contraction. Figure 3 shows the rest duration-TPT curves. Under all conditions examined, TPT was prolonged as the rest duration was increased. However, the degree of the prolongation varied under the different experi- mental conditions. As shown in Fig. 3A , the muscle stretching augmented the TPT prolongation. The TPT prolongation was also augmented with high frequency stimulations (Fig. 3B) . In contrast, the high calcium concentrations did not affect the TPT prolongation after almost all rests (Fig. 3C ).
Post-rest contraction in kitten papillary muscle Peak DT of post-rest contraction. Figure 4 shows the effects of muscle stretching (Fig. 4A) , high frequency stimulation (Fig. 4B) , and high calcium concentration (Fig. 4C ) on the rest duration-peak DT curve in kitten papillary muscle. In contrast to adult cat papillary muscle, no upward shifts of the relation curve were observed. These three interventions shifted the curve downward somewhat, as shown in Fig. 4 .
Peak dT/dt of post-rest contraction. Effects of muscle stretching, high calcium concentration, and high frequency stimulation on the rest duration-peak dT/dt curve are shown in Fig. 5 . Similar to the effects on the rest duration-peak DT curve, these three interventions did not shift the relation curve upward. They shifted the curve downward somewhat as shown in Fig. 5 .
TPT of post-rest contraction. Effects of muscle stretching, high frequency stimulation, and high calcium concentration on the rest duration-TPT curve in kitten papillary muscle are shown in Fig. 6 . The muscle stretching shifted the curve downward after rests of 30 sec or longer (Fig. 6A) . The effect was opposite the upward shift observed in adult cat papillary muscle. The high calcium concentration shifted the curve downward after rests of 15 to 120 sec in the kitten papillary muscle (Fig. 6C) while it did not affect the curve in the adult cat papillary muscle. On the other hand, the high frequency stimulation shifted the rest duration-TPT curve upward (Fig. 6B) and the effect was similar to that seen in the adult cat muscle.
DISCUSSION
We have found that in the adult cat papillary muscles, muscle stretching shifts the rest duration-peak DT curve upward in a manner similar to the two representative inotropic interventions: high frequency stimulation and high calcium concentration, and that all these shifts are reversed in the kitten papillary muscles. In the following sections, we will consider possible mechanisms underlying the shift of the rest duration-peak DT curve induced by the muscle stretching.
When considering peak DT, we should also take into account peak dT/dt and TPT since peak DT seems to be determined by the duration of the phase of tension rise (TPT) as well as the speed of tension rise (which can be represented by peak dT/dt). For example, the upward shift of the rest duration-peak dT/dt curve brought about by the muscle stretching ( Fig. 2A ) seems to be a major cause of the upward shift of the rest duration-peak DT curve (Fig. 1A) . However, the upward shift of the latter curve was greater than that of the former. The more prolonged TPT of post-rest contraction at longer muscle lengths, i.e., the upward shift of the rest duration-TPT curve (Fig. 3A) , may explain the difference. Changes in peak TPT may also be responsible for the reversed, i.e., downward shift of the rest duration-peak DT curve induced by stretching of the kitten papillary muscle (Fig.  4A) . The reason is that the downward shift of the rest duration-peak DT curve (Fig. 4A) seems to be greater than that of the rest duration-peak dT/dt curve (Fig.  5A ), and this difference can be explained by the less prolonged TPT of post-rest contraction at longer muscle lengths, i.e., the downward shift of the rest duration-TPT curve (Fig. 6A) .
Thus, changes in both peak dT/dt and TPT are important factors affecting the shifts of the rest duration-peak DT curve. Therefore, we will focus on possible mechanisms of the observed changes in these two parameters.
First, we will direct attention to the upward shift of the rest duration-peak dT/dt curve induced by the muscle stretching in adult cat papillary muscle ( Fig.  2A) . Similar upward shifts of the curve are seen with high frequency stimulations and high calcium concentrations (Fig. 2B, C) . According to Allen and co-workers (ALLEN et a!., 1976) , in the rest period, both the calcium leaking out of the calcium releasing site (some part of sarcoplasmic reticulum (SR) that releases calcium to activate the contractile machinery) and the calcium re-cycle into that site (from the calcium uptake site, which uptakes calcium from the myofibrillar space) occur simultaneously, and the balance determines the calcium amount in the calcium releasing site and thereby the magnitude of post-rest contraction. In addition, they considered that the high frequency stimulation and high calcium concentration may increase the amount of intracellular calcium and affect the above-mentioned calcium kinetics to increase the magnitude of post-rest contraction. Although Allen and co-workers studied peak DT of post-rest contraction and did not analyze peak dT/dt, a similar mechanism may be responsible for the shift of the rest duration-peak dT,ldt curve. Therefore, we speculate that the muscle stretching as well as high frequency stimulation and high calcium concentration may increase the intracellular calcium, thereby causing an upward shift of the rest duration-peak dT/dt curve ( Fig. 2A) .
The above speculated mechanism, i.e., the increased amount of intracellular calcium under the longer muscle length, seems to be compatible with the finding that calcium efflux of the contracting skeletal muscle decreases at a longer muscle length (FRANK and WINEGRAD, 1976) or the view that calcium influx is greater at longer muscle length and causes the inotropic effects of length change (LAKATTA and JEWELL,1977) . However, this mechanism contradicts the finding that the postrest potentiation (of peak DT) of canine papillary muscle is not affected by Mn2+ or epinephrine although both agents do affect the calcium influx (ENDOH and IIJIMA, 19$1).
The above speculation implies that the tension development of the muscle
depends largely on the release of calcium from the SR. In kitten papillary muscle, the tension development is less dependent on the release of calcium from the SR than it is in adult cat papillary muscle (MAYLIE,1982) and the calcium induced calcium release from the SR is underdeveloped (FABIATO, 1982) . From this point of view, the mechanism considered above seems to be compatible with our finding that, in kitten muscle, the upward shifts of the rest duration-peak dT/dt curve (induced by the muscle stretching, high calcium concentration, and high frequency stimulation in adult cat papillary muscle) are not observed (Fig. 5) . In addition to the peak dT/dt discussed thus far, we will consider TPT. In adult cat papillary muscle, TPT of the post-rest contraction was more prolonged at Lmax than at the shorter length after all rest intervals (Fig. 3A) . As TPT represents the start of relaxation, there is a possibility that the greater TPT prolongation at the longer muscle length in adult cat papillary muscle is secondary to the increased peak dT/dt ( Fig. 2A) or increased calcium release. This is because the increased calcium may overload the relaxation process and retard the relaxation. That the muscle stretching shifted the rest duration-TPT curve downward (Fig. 6A) as well as the rest duration-peak dT/dt curve (Fig. 5A ) in kitten papillary muscle also supports this possibility. However, the shifts of the rest duration-TPT curve did not always parallel the shifts of the rest duration-peak dT/dt curve, as observed in the frequency and calcium runs. Therefore, the above explanation cannot explain the shifts of the rest duration-TPT curve under all conditions. The mechanism underlying the shifts remains to be elucidated.
In our experiment, we did not measure the sarcomere length. This length may change during the rest period as well as during the contracting phase, even under the conditions of constant whole muscle length because of the viscous properties of the damaged end (GORDON and POLLACK, 1980) , and may affect the tension development of the post-rest contraction. The possibility that changes in sarcomere length may be responsible for the length dependent post-rest potentiation and inhibiton remains to be investigated.
In summary, we found that stretching of the adult cat papillary muscle shifts the rest duration-peak DT curve upward, in a manner similar to the two positive inotropic interventions : high calcium concentration and high frequency stimulation, and that all these shifts are reversed in the kitten papillary muscle. Therefore, the upward shift of the rest duration peak-DT curve induced by muscle stretching seems to be related to the inotropic effect of muscle length change.
